ABSTRACT: Tumor endothelial marker 8 (TEM8) is a cell surface receptor that is highly expressed in a variety of human tumors and promotes tumor angiogenesis and cell growth. Antibodies targeting TEM8 block tumor angiogenesis in a manner distinct from the VEGF receptor pathway. Development of a TEM8 imaging agent could aid in patient selection for specific antiangiogenic therapies and for response monitoring. In these studies, L2, a therapeutic anti-TEM8 monoclonal IgG antibody (L2mAb), was labeled with 89 Zr and evaluated in vitro and in vivo in TEM8 expressing cells and mouse xenografts (NCI-H460, DLD-1) as a potential TEM8 immuno-PET imaging agent.
I-L2mAb was labeled directly. In vitro binding studies were performed using human derived cell lines with high, moderate, and low/ undetectable TEM8 expression. 89 Zr-df−L2mAb in vitro autoradiography studies and CD31 IHC staining were performed with cryosections from human tumor xenografts (NCI-H460, DLD-1, MKN-45, U87-MG, T-47D, and A-431). Confirmatory TEM8 Western blots were performed with the same tumor types and cells. 89 Zr-df−L2mAb biodistribution and PET imaging studies were performed in NCI-H460 and DLD-1 xenografts in nude mice. 125 
I-L2mAb and 89
Zr-df−L2mAb exhibited specific and high affinity binding to TEM8 that was consistent with TEM8 expression levels. In NCI-H460 and DLD-1 mouse xenografts nontarget tissue uptake of 89 Zr-df−L2mAb was similar; the liver and spleen exhibited the highest uptake at all time points. 89 Zr-L2mAb was highly retained in NCI-H460 tumors with <10% losses from day 1 to day 3 with the highest tumor to muscle ratios (T:M) occurring at day 3. DLD-1 tumors exhibited similar pharmacokinetics, but tumor uptake and T:M ratios were reduced ∼2-fold in comparison to NCI-H460 at all time points. NCI-H460 and DLD-1 tumors were easily visualized in PET imaging studies despite low in vitro TEM8 expression in DLD-1 cells indicating that in vivo expression might be higher in DLD-1 tumors. From in vitro autoradiography studies 89 Zr-df−L2mAb specific binding was found in 6 tumor types (U87-MG, NCI-H460, T-47D MKN-45, A-431, and DLD-1) which highly correlated to vessel density (CD31 IHC). Westerns blots confirmed the presence of TEM8 in the 6 tumor types but found undetectable TEM8 levels in DLD-1 and MKN-45 cells. This data would indicate that TEM8 is associated with the tumor vasculature rather than the tumor tissue, thus explaining the increased TEM8 expression in DLD-1 tumors compared to DLD-1 cell cultures. 89 Zr-df−L2mAb specifically targeted TEM8 in vitro and in vivo although the in vitro expression was not necessarily predictive of in vivo expression which seemed to be associated with the tumor vasculature. In mouse models, 89 Zr-df−L2mAb tumor uptakes and T:M ratios were sufficient for visualization during PET imaging. These results would suggest that a TEM8 targeted PET imaging agent, such as
■ INTRODUCTION
Angiogenesis is critical to sustain and promote tumor growth, and numerous antiangiogenic drugs are in clinical use. Many of these agents are directed toward the VEGF pathway utilizing blocking antibodies (bevacizumab) and/or VEGFR receptor tyrosine kinase inhibitors among others. Recently another promising antiangiogenic therapeutic target, tumor endothelial cell marker 8 (TEM8), has been identified to which blocking antibodies are currently under development.
1,2 Positron emission tomography (PET) imaging agents designed to detect these tumor angiogenenic targets could aid in drug development as well as improve patient outcomes by correctly selecting patients for therapy as well as accurately assessing efficacy. In this regard, changes in tumor size are insensitive and can typically lag months behind the actual tumor response. 3 PET imaging, however, has the advantage of providing early measurement of responses using the same molecular target as the therapeutic agent.
Vascular endothelial growth factors (VEGF), VEGF receptors (VEGFRs) integrins (α ν β 3 ), and matrix metalloproteinases (MMPs) have all been identified as targets of angiogenesis to which imaging and therapeutic agents can be directed. 4 Several targeted imaging agents have been described that make use of radiolabeled VEGF or monoclonal antibodies against VEGF, such as HuMV833, VG76e, or bevacizumab.
5−8 [ 18 F]-Fluciclatide, a small radiolabeled cyclic peptide containing the RGD tripeptide which binds with high affinity to α ν β 3 integrins, has also shown promise in imaging angiogenesis. 9 In both preclinical and clinical studies, reductions in [ 18 F]-fluciclatide uptake were associated with decreased α ν β 3 integrin expression and an early response to antiangiogenic targeted therapy. 10−12 In other preclinical studies targeting MMPs, 18 F-labeled marimastat, an MMP inhibitor, and MMP2/9 substrate were shown to localize to tumors.
13−15 Thus, radiolabeling of therapeutic antiangiogenic agents is firmly established in the literature.
In addition to the angiogenic markers described above, at least 46 targets with therapeutic potential have been identified on endothelial cells of tumor vasculature. These tumor endothelial markers, also known as TEMs, represent a group of genes involved in the process of angiogenesis. 16 One of these, TEM8, has been found to be upregulated on tumor vessels in several tumor types in both humans and tumor-bearing mouse models but not in normal reparative angiogenesis associated with wound healing or ovulation. 16−20 TEM8 is a type I transmembrane protein (564 amino acids in length) with an extracellular domain similar to αD integrin that interacts with endothelial adhesion molecules. Endothelial cell adhesion, migration, and tubule formation are promoted by TEM8, suggesting a role in angiogenesis. 2, 21 Interestingly, TEM8 has also been identified as the anthrax toxin receptor (ANTXR1) 22, 23 and shares the extracellular von Willebrand factor type A (vWA) domain with another anthrax toxin receptor known as capillary morphogenesis protein 2 (CMG2/ANTXR2). 16, 22, 23 Studies have shown that inhibiting TEM8 activity with TEM8 vaccines or TEM8-Fc antibody-like molecules slowed tumor growth in tumor-bearing mouse models; similarly in tumor-bearing TEM8 knockout mice, tumor growth was impaired compared to wild types. 24−29 Hence targeting TEM8 may have both diagnostic potential and therapeutic value. Although a 13 amino acid peptide targeting TEM8 was successfully radiolabeled with 18 F, in preclinical studies this PET imaging agent exhibited low affinity binding to TEM8 and low retention in vivo in TEM8 + human tumors in xenograft mice. 30 Several therapeutic monoclonal antibodies against TEM8 are under development which may provide suitable platforms for PET imaging agents. 25 One of these, L2mAb, is an anti-TEM8 human-mouse reverse chimeric monoclonal antibody (human variable regions and murine constant domains) which has a high affinity and specificity for the vWA domain of TEM8 and has been found to localize to tumor vasculature. 16, 25 In tumor challenge studies, either treatment of mice with L2mAb or genetic disruption in the host (tumor-bearing TEM8 knockout mice) resulted in delayed growth of colorectal adenocarcinoma (DLD-1), non-small cell lung carcinoma (NCI-H460), and melanoma (UACC) human xenograft tumors. 24 However, neither pharmacological nor genetic ablation of TEM8 had any discernible effect on normal physiologic angiogenesis. The reduced tumorigenicity in the TEM8 knockout suggests that TEM8 functions to promote tumor angiogenesis. Anti-TEM8 antibodies may block this pro-angiogenic function and/or elicit natural killer cell mediated and complement-mediated cytotoxicity. 16, 24, 25 Thus, the selectivity of L2mAb for tumor vasculature and its high affinity for TEM8 would suggest that L2mAb may be suitable for imaging both as a diagnostic tool and as a means to monitor therapy. 31 Therefore, we initially evaluated 125 I-L2mAb to assess in vitro binding characteristics of L2mAb and L2mAb after conjugation to the bifunctional chelate, desferrioxamine (df−L2mAb), required for the radiolabeling with 89 Zr. Desferrioxamine is a strong chelator for 89 Zr with suitable in vivo stability, and efficient radiolabeling methods for mAbs have been developed. 32, 33 After these preliminary studies, 89 Zr (T 1/2 = 3.3 days) was chelated to df−L2mAb ( 89 Zr-df−L2mAb), and affinity (K d ), biological activity (% immunoreactivity), and TEM8 concentrations were determined using human cell lines with a known range of TEM8 expression. From in vitro autoradiography studies TEM8 concentrations were assessed in various tumor types and then correlated with vessel density (CD31 IHC staining) and TEM8 immunoprecipitation Western blots (IP Westerns). Finally, in vivo biodistribution and PET imaging studies were performed to determine the localization of 89 Zr-df−L2mAb in tumor-bearing mice. . 25 All media were supplemented with 10% FBS, 2 mM L-glutamine, and Pen/Strep/Amphotericin B.
Anti-TEM8 antibody (L2mAb, human-mouse chimeric mAb with human variable domains and murine IgG2a constant domains) was provided by Dr. Brad St. Croix (NCI-Frederick, Frederick, MD). 25 Desferrioxamine−L2mAb Conjugate Procedure and Characterization. L2mAb was conjugated to desferrioxamine (df) through an isothiocyanate linker, p-isothiocyanatobenzyldesferrioxamine (Macrocyclics, Inc., Dallas, TX), to produce desferrioxamine−L2mAb (df−L2mAb) conjugates by reacting the df with L2mAb in molar ratios (df:L2mAb) of 3:1 (R3), 5:1 (R5), 10:1 (R10), and 12:1 (R12) using a conjugation procedure previously described. 33, 34 Molecular Pharmaceutics The number of chelates per L2mAb antibody was determined using a titration assay reported by Meares et al. 35 Briefly, conjugate aliquots were allowed to react with 10-fold excess of 25 mM zirconium chloride trace mixed with carrier free 89 Zr (37 MBq; 1.0 mCi) oxalate according to the published radiolabeling protocol. 36 Unmodified L2mAb antibody was used as a control. For the R10 conjugate the number of chelates conjugated per L2mAb was 2.5 ± 0.1, which was incorporated into the calculation of the final specific activity.
Radiosynthesis of 89 Zr-df−anti-TEM8 Ab ( 89 Zr-df− L2mAb) and 125 I-anti-TEM8 Ab ( 125 I-L2mAb). The radiosynthesis of 89 Zr-df−L2mAb was accomplished using a modified method of Perk et al. 33 Briefly, purified 89 Zr(IV) [37−74 MBq; 1−2 mCi] in 1 M oxalic acid was neutralized with Na 2 CO 3 (2 M) and HEPES (0.5 M, pH = 7.0) and reacted with the df−L2mAb R10 conjugate [700 μg (7 mg/mL), 0.25 M sodium acetate buffer, pH 5.5] in ascorbic or gentisic acid (5 mg/mL) and/or 1% BSA to yield 89 Zr-df−L2mAb. The labeled products were purified with a size exclusion PD-10 column eluted with 0.25 M sodium acetate, pH 5.3, or PBS, pH 6.8. Typical radiochemical labeling yields determined by size exclusion HPLC with UV monitoring were >90%, with specific activities at the end of synthesis (EOS) ranging from 0.074 to 0.222 MBq/μg. To assess the stability of these 89 Zr-df−L2mAb batches, the reaction mixtures were stored at 4°C and analyzed by size exclusion HPLC 0, 24, and 48 h after radiosynthesis. The 89 Zr-oxalate preparations used in the biodistribution studies were neutralized as described above.
The radiosynthesis of 125 I-L2mAb was accomplished following the Pierce Pre-Coated Iodination Tubes indirect iodination method. Briefly, a Pierce Pre-Coated Iodo-Gen Iodination Tube was wetted with 1 mL of Tris Iodination Buffer (25 mM Tris· HCl, pH 7.5, 0.4 M NaCl) and then decanted, after which Tris Iodination Buffer (50 μL) and 74 MBq (2 mCi) Na 125 I solution (PerkinElmer) was added. The activated iodide solution was transferred into a 1.5 mL eppendorf vial containing L2mAb protein solution (100 μL, 0.2 mg/mL) in PBS. The mixture was reacted, and then 50 μL of aqueous saturated tyrosine scavenging buffer was added. After mixing and incubating, the sample was added to a mini-PD10 pre-equilibrated with 8 mL of Tris/BSA buffer [0.25% bovine serum albumin (2.5 mg/mL), 25 mM Tris· HCl, pH 7.5, 0.4 M NaCl, 5 mM EDTA, 0.05% sodium azide]. The flow through was discarded, and the protein fraction was collected. Typical labeling yields determined by size exclusion HPLC with UV monitoring were >90%, with specific activities (EOS) ranging from 0.3478 to 0.7808 MBq/μg.
In Vitro Studies. Saturation binding studies were performed to determine the K d and B max using plated cells (NCI-H460 or DLD-1; 2−10 × 10 5 cells/well) or cells (nonadherent) in tubes (HEK-293 or HEK-293 F+; 2−10 × 10 5 cells/tube) to which increasing concentrations of radiolabeled L2mAb (0.15−52 nM) were added to duplicate tubes; nonspecific binding was determined by adding unlabeled L2mAb (10 −6 M) to another set of duplicates. For competition studies, radiolabeled L2mAb at a single concentration (0.15 to 2.9 nM) and increasing concentrations (0−1000 nM) of competitors [L2mAb; df−L2mAb conjugates (R3, R5, R10, and R12)] were added to NCI-H460 or HEK-293 F+ cells. After incubation (2 h, 4°C), the cell bound radiolabeled L2mAb was separated from free antibody: (1) plated cells were washed with phosphate buffered saline (PBS), treated with trypsin, and collected in vials; or (2) cells in tubes were pelleted by centrifugation and washed twice (PBS), and supernatants were removed. The cell bound radioactivity for these samples was determined by gamma counting (PerkinElmer 2480 Wizard3, Shelton, CT). From the saturation studies the K d and B max were determined from at least 6 to 8 concentrations of radiolabeled L2mAb and analyzed using nonlinear regression curve fits (one-site specific binding); from the competition studies K i 's were determined from 8 competitor concentrations [PRISM (version 5.04 Windows), GraphPad software, San Diego, CA].
The biological specific activity or immunoreactive fraction (% immunoreactivity) of the radiolabeled L2mAbs was determined by a modified method previously described by Morris. 37 Briefly, the % immunoreactivity was determined by a self-displacement method derived from a radiolabeled L2mAb saturation curve and competition curve using, as the competitor, unlabeled L2mAb.
Mouse Tumor Models. In Vitro Autoradiography and Histological Staining. NCI-H460, DLD-1, MKN-45, U87-MG, T-47D, and A-431 cell xenograft tumors were excised, rapidly frozen in dry ice, and stored until use. The tumors were sectioned into 20 μm slices (Leica CM3050S) and allowed to air-dry before use. Mounted slides were preincubated in the incubation buffer [TRIS 50 mM (pH 7.5), 10 nM MgCl 2 , 2 mM EGTA, 0.1% BSA, 0.15 mM bacitracin, 100 KI units/mL aprotinin] for 15 min at room temperature, and then incubated for 2 h in baths of 89 Zr-df− L2mAb (10 to16 nM) or 89 Zr-df−L2mAb (10 to 16 nM) + L2mAb (700 nM). After incubation the slides were rinsed twice (50 mM TRIS, 4°C) for 2 min, dipped in distilled water, allowed to dry, and exposed to phosphorimaging plates (Fuji BAS-SR2025).
Following exposure for 48 to 72 h, the plates were scanned with the Fuji FLA-5100 scanner to produce digitized images. Regions of interest (ROIs) from the digitized images, expressed as photostimulated luminescence units per mm 2 (PSL/mm 2 ), were drawn for the whole tumor slice, and the high and low density areas within the section, using Image Gauge 4.0 (Fujifilm, Tokyo, Japan) which represented 89 Zr-df−L2mAb "total" binding (B t ). To determine the nonspecific binding (B nsb ) similar ROIs in adjacent sections from the "+ 700 nM" L2mAb bath were also measured. The ROIs representing specific 89 Zr-df−L2mAb binding (B sp ) were determined by subtracting B nsb ROIs from B t ROIs (B t − B nsb = B sp ). The TEM8 concentrations (nM) were determined by correlating the ROI units (PSL) to cpm which could be converted to molar concentrations using the specific activity of 89 Zr-df−L2mAb as previously described. 38 Briefly, slides (6 to 8) after drying were counted on a PerkinElmer 2480 Wizard3 to determine the radioactive content (cpm) and then exposed to the phosphorimaging plate from which PSLs were determined by drawing an ROI encompassing the entire slide; using the PSL units and cpms associated with the slide, the linear relationship between PSLs and cpms (slope of the line) was determined for each study. Using this linear relationship (cpm = slope × PSL), ROIs could be converted from PSL/m 2 to cpm/m 2 and used to calculate the "relative" TEM8 molar concentrations (M rel ) in the tumor types which would be dependent on 89 Zr-df−L2mAb concentrations during the assay incubation time and the efficiency of collecting positron decay from a slice thickness of 20 μm.
For the CD31 PECAM-1 staining, tumor sections after air drying were fixed in acetone and, following an endogenous biotin block, were incubated in normal rabbit serum, followed by CD31 for 30 min (BD Bioscience #550274, diluted 1:100). Slides were rinsed, and then biotinylated rabbit a/rat IgG, mouse adsorbed (1:500; Vector Laboratories), was applied for 30 min. Endogenous peroxidase activity was assessed, followed by incubation in ABC reagent. The reaction was visualized with DAB, followed by hematoxylin counterstain. Slides were digitally scanned and quantitated for vessel density (Aperio, Leica Biosystems, Buffalo Grove, IL). The correlation of the CD31 IHC vessel counts to the tumor section ROIs were performed using the Spearman rank correlation coefficient [PRISM (version 5.04 Windows), GraphPad software, San Diego, CA].
Immunoprecipitation and Western Blotting. Tumors were homogenized with a lysing kit (Peqlab, Wilmington, DE), and total cell and tumor lysates were normalized with a BCA protein assay (Pierce). Lysates were immunoprecipitated overnight with a rabbit monoclonal anti-TEM8 antibody (produced as part of a collaboration between Epitomics and the National Cancer Institute). After immunoprecipitation using protein A agarose (Roche), protein extracts were separated by SDS− PAGE, transferred to a PDVF membrane (Millipore), and detected by immunoblotting with the rabbit monoclonal anti-TEM8 antibody followed by an HRP-conjugated anti-rabbit IgG, light chain specific secondary antibody (Jackson). Chemiluminescence was visualized with the ECL 2 Western blotting substrate (Pierce) according to the supplier's instructions.
MicroPet Imaging Studies. Tumor-bearing mice were anesthetized with isoflurane/O 2 (1.5%−3% v/v) and imaged at various times after intravenous injection of 89 Zr-df−L2mAb [∼3.7 MBq, ∼100 μCi, ∼80 pmol]. Whole body static images were obtained at 4−5 bed positions (FOV = 2.0 cm, total imaging time: 20−25 min) using the Advanced Technology Laboratory Animal Scanner. 39 The images were reconstructed by a twodimensional ordered-subsets expectation maximum (OSEM) from which regions of interest (ROIs) were drawn manually to determine the tissue uptakes (kBq/cc). The % ID/g normalized to a 20 g mouse was then determined using the formula (100 × tissue uptake/injected dose) × (body weight/20). 89 Zr-df−L2mAb batches, the immunoreactive fraction was high, ranging from 95% to 99% at approximately 8 to 24 h after synthesis, but after storage for 3 days at 4°C modest decreases in the immunoreactive fraction (75% to 70%) and affinity (K d ∼ 3 nM) were observed. In other studies in which stability was assessed by HPLC, the product peak (monomer) was relatively stable with <2% decreases observed from the end of synthesis (0 time) to 1 and 2 days after. The rank order of TEM8 concentrations in these cell lines using 89 Zr-df−L2mAb was comparable to that using 89 Zrdf−L2mAb)], and high nonspecific binding (75% to 100%) was seen; no specific TEM8 binding in the parental HEK-293 cell line was detected (n = 2). These in vitro results indicate that 89 Zr-df− L2mAb would be appropriate for in vivo imaging of tumors with high to moderate TEM8 expression (>80,000 receptors per cell) as was observed with the HEK-293 F+ and NCI-H460 cells whereas tumors with low TEM8 expression (<6000 receptors per cell), as in the case of DLD-1, would not be detectable.
In Vivo 89 Zr-df−L2mAb and 89 Zr-Oxalate Biodistribution Studies. The biodistribution of 89 Zr-df−L2mAb was determined in NCI-H460 xenografts, during a period of 1 to 7 days postinjection (Figure 2A ). The highest uptakes were observed in the nontarget tissues, spleen (45% to 27% ID/g) and liver (21% to 16% ID/g) at all times decreasing by 40% and 25%, Molecular Pharmaceutics respectively, from day 1 to day 7.
89 Zr-df−L2mAb was highly retained in NCI-H460 tumors with <10% losses from day 1 (5.2% ID/g) to day 3 (4.7% ID/g) whereas clearance of 89 Zr-df− L2mAb from blood, muscle, heart, lungs, gastrointestinal tract, and kidney was faster with decreases in uptake (% ID/g) ranging from 34% to 62% over the same time ( Figure 2B ). This high tumor retention of 89 Zr-df−L2mAb would indicate high affinity binding to TEM8 as well as in vivo stability over the 3 day time course. However, tumor uptake at day 5 (2.4% ID/g) and day 7 (1.4% ID/g) was substantially reduced from day 1, respectively ( Figure 2B ). Most likely this increased clearance of radioactivity represents metabolism and lack of stability in the chelate with the loss of 89 Zr. This is confirmed by the 2-to 3-fold increase in bone uptake observed at day 5 (11.2% ID/g) and day 7 (11.8% ID/g) compared to day 1 (4.8% ID/g) as free 89 Zr is known to localize in the bone. 32 In biodistribution studies using DLD-1 xenografts, uptake in nontarget tissues was comparable to that in NCI-H460 xenografts but DLD-1 tumor uptake ( Figure 2B ) was significantly lower (∼2-fold) at day 1, day 3, and day 5 (P < 0.05) compared to NCI-H460 tumor uptake. This lower in vivo uptake in DLD-1 tumors compared to NCI-H460 tumors corresponded to the rank order of TEM8 expression determined in vitro although the magnitude of the difference between the DLD-1 cells and NCI-H460 cells (10-to 20-fold) was much greater than between tumors. Furthermore, examining the tumor to muscle ratios (T:M) over the 7 day time course revealed that the NCI-H460 tumors had the highest T:M of 13.3:1 at day 3 which decreased by >60% at day 5 and day 7 (P < 0.05) ( Figure 2C ). In the case of the DLD-1 tumors, the pharmacokinetics was similar to that of the NCI-H460 tumors with the highest T:M of 7.3 achieved at 3 days, but the ratios were ∼2-fold lower compared to NCI-H460 tumors at all time points and consistent with lower TEM8 expression ( Figure 2C ). These data would suggest that the optimal imaging time was 3 days because it allowed sufficient time for clearance of 89 Zr-df−L2mAb from nontarget tissue while still retaining high activity in the target tissue.
Additional biodistribution studies with NCI-H460 xenografts were performed using 89 Zr-oxalate (which has a biodistribution characteristic of free Zr) to further distinguish specific 89 Zr-df− L2mAb binding to TEM8 in NCI-H460 tumors from the fraction of tumor uptake that may represent "free 89 Zr" resulting from 89 Zr-df−L2mAb metabolism. 32 Overall the free 89 Zr biodistribution was comparable to that reported in previously published studies in mice with the highest 89 Zr retention occurring in the bone at all time points of 1, 3, and 5 days which was at least 3-to 10-fold greater than all other tissues examined (figure not shown). 32, 40 From these 89 Zr biodistributions the NCI-H460 T:M ratios of 3.20, 2.19, and 1.62 at 1, 3, and 5 days, respectively, were observed which steadily decreased over the time course failing to exhibit any specific tumor retention ( Figure 2C ). In contrast 89 Zr-df−L2mAb T:M ratios increased from 1 to 3 days exhibiting increased tumor retention which would be consistent with TEM8 specific binding. These studies would further indicate that the majority of the NCI-H460 T:M ratio represents 89 Zr-df−L2mAb binding with the free 89 Zr fraction ranging from 16% to 35% over the 5 day time course.
The total radioactive content of 89 Zr-df−L2mAb in NCI-H460 tumors (% ID per tumor) correlated to corresponding tumor weights which ranged from 0.26 to 3.46 g (R 2 = 0.92, n = 9) (figure not shown), but the significance of the correlation and slope (% ID/g) was affected by the distribution of the tumor weights. Tumors <2 g showed a highly significant correlation (R 2 = 0.99; slope = 5.2% ID/g; n = 5) while tumors >2 g had more variability with a less significant correlation and a lower slope indicating decreased uptake per g (% ID/g) of tumor (R 2 = 0.70, slope = 2.1% ID/g, n = 4). This is likely because the larger tumors exhibited regional necrosis where uptake per gram of tissue would be expected to be much lower. 40 MicroPET Imaging Studies. MicroPET imaging studies with 89 Zr-df−L2mAb were performed in NCI-H460 and DLD-1 at 1, 3, and 5 days postinjection. Both NCI-H460 and DLD-1 Figure 3A,B) . Although both NCI-H460 and DLD-1 tumors had sufficient radioactive uptake for imaging, lower 89 Zr-df−L2mAb uptakes were observed in the DLD-1 tumors and comparable to the biodistribution results. The 89 Zr-df−L2mAb retained in the NCI-H460 tumor remained relatively constant from day 1 to 3 as the tracer was washed out from nontarget organs. The NCI-H460 T:M ratios improved from 6:1 on day 1 to 12:1 at day 3 and decreased at day 5 to 3:1 comparable to the biodistribution results; DLD-1 T:M ratios were 1.5-to 2-fold lower than those of NCI-H460 at similar times and compared favorably also to biodistribution results.
In Vitro Autoradiography. In vitro autoradiography was performed to ascertain the specific regional localization of TEM8 in tumors from mouse xenografts; the cell lines used for the development of these tumors included NCI-H460 and DLD-1 with known in vitro high and low cellular TEM8 expression, respectively, as well as U87-MG, MKN-45, T-47D, and A-431 (Figure 4) . For all the tumors 89 Zr-df−L2mAb specific binding was observed which was heterogeneous across the tumor sections resulting in high and low density binding regions which may reflect differences in TEM8 expression in the tumor vasculature and stroma compared to tumor cells. Further quantitative analysis was performed by drawing ROIs (PSL/mm 2 ) representing total or nonspecific 89 Zr-df−L2mAb binding (B t or B nsb ) which encompassed either the whole section or high and low density regions from which the specific regional TEM8 expression (B sp = B t − B nsb ) could be determined ( Figure 5A ). The high density ROIs from all the tumors and the whole section ROIs of U87-MG, T-47D, and NCI-H460 exhibited the highest specific 89 Zr-df−L2mAb binding ranging from 90% to 75% compared to the low density ROIs and whole section ROIs of A-431, DLD-1, and MKN-45 which had lower specific binding ranging from 70% to 30% ( Figure 5A ). The highest specific regional TEM8 concentrations in the high density ROIs (2700 to 480 PSL/mm 2 ) were 2-to 4-fold higher than those in the low density ROIs (B sp = 1260 to 140 PSL/mm 2 ). U87-MG had the highest TEM8 concentrations for both the high (2694 PSL/mm 2 ) and low (1264 PSL/mm 2 ) density ROIs with ∼2-fold differences between the high and low ROIs. On the other hand A431, DLD-1, and MKN-45 tumors had the lowest TEM8 concentrations for both the high (ranging from 562 to 480 PSL/mm 2 ) and low (ranging from 273 to 141 PSL/mm 2 ) density ROIs; nevertheless MKN-45 had a greater high to low density ROI ratio of ∼4.
The relative molar concentrations (nM rel ) of TEM8 calculated from the tumor whole section ROIs (PSL/mm 2 ) were highest for U87-MG (72 nM rel ), T-47D (51 nM rel ), and NCI-H460 (30 nM rel ) with at least 2-fold lower concentrations in A-431, DLD-1, and MKN-45 (15 to 10 nM rel ); these whole section ROIs representing both tumor vasculature and tumor cells may serve as a better predictor of relative in vivo TEM8 concentrations. In addition, whole tumor sections were used for CD31 IHC staining Figure 5B ). The presence of the TEM8 protein in the 6 tumor types and cells was further confirmed by immunoprecipitation Western blotting (IP Western) in which TEM8 protein expression was detected in all 6 tumor types but not in DLD-1 or MKN-45 cells ( Figure 5C ). In particular high TEM8 expression was detected by IP Western and 89 Zr-df−L2mAb binding in both NCI-H460 cells and tumors, initially indicating that in vitro TEM8 concentrations of the tumor cells may be predictive of in vivo TEM8 concentrations in tumors. However, DLD-1 tumors exhibited much higher TEM8 levels than would have been predicted from in vitro DLD-1 cells which had undetectable or barely detectable TEM8 expression levels as determined by IP Western and 89 Zr-df−L2mAb binding, respectively.
■ DISCUSSION
Anti-TEM8 antibody (L2mAb) was successfully labeled with 89 Zr and exhibited high retention of its biological activity (immunoreactivity >82%) and high specific nanomolar binding affinity for the TEM8 receptor. High (HEK-293 F+), moderate (NCI-H460), and low/undetectable (DLD-1) TEM8 cell expression were quantitatively distinguished and comparable in rank order using both 125 I-L2mAb and 89 Zr-df−L2mAb which were consistent with TEM8 levels determined by IP Western and established TEM8 expression profiles for DLD-1. 24 In NCI-H460 and DLD-1 mouse xenografts the biodistribution and pharmacokinetics of 89 Zr-df−L2mAb in nontarget tissues were comparable with primarily hepatobiliary clearance typical for a large molecular weight protein such as the intact L2mAb (152 kDa). More importantly, 89 Zr-df−L2mAb was highly retained in NCI-H460 tumors, and the tumors were clearly discernible in PET images indicating high affinity TEM8 binding and TEM8 concentrations as predicted from in vitro studies with NCI-H460 cells. In similar in vivo studies 89 Zr-df−L2mAb retention in DLD-1 tumors was decreased ∼2-fold compared to NCI-H460 tumors but still visible in PET images. However, these higher DLD-1 tumor TEM8 concentrations were unexpected considering the low TEM8 expression in DLD-1 cells. Immunoprecipitation results confirmed that TEM8 levels were higher in DLD-1 tumors but undetectable in DLD-1 cells. Since the DLD-1 and NCI-H460 tumors were of comparable mass (<2 g), these data would suggest that the increased DLD-1 tumor uptake is reflective of increased in vivo TEM8 expression, likely related to the presence of the tumor stroma. From autoradiograms, 89 Zr-df−L2mAb binding was ∼2-fold higher for NCI-H460 tumors compared to DLD-1 tumors correlating with a 2-fold increase in vascularity determined from CD31 staining and vessel counts. Similarly 89 Zr-df−L2mAb binding in the high and low density regions of NCI-H460 tumors was 2-to 3-fold higher than that in the respective regions in DLD-1 tumors. These data indicate that the low density regions represent less tumor stroma and vasculature while the higher density regions would suggest a greater degree of vascularization. This 2-to 3-fold reduction of TEM8 concentrations in the whole DLD tumor sections (representative of a cross section obtained near the center point of the tumor), compared to NCI-H460 whole tumor sections, was comparable to the biodistribution results which might be expected since the in vivo 89 Zr-df− L2mAb tumor uptakes (% ID/g) represent an average of 89 Zrdf−L2mAb binding to both tumor cells and tumor vasculature. The IP Western results further confirmed the presence of TEM8 on both NCI-H460 cells and tumors, but for DLD-1 cells and tumors, TEM8 was detected only in tumors. Collectively these results would substantiate the hypothesis that TEM8 concentrations in DLD-1 tumors are related to the tissue stroma and not the tumor cell density. These results provide further confirmation to published findings in which immunofluorescent labeled L2mAb staining colocalized with CD31 staining in DLD-1 tumors indicating that TEM8 was associated with the tumor vasculature. 25 In vivo, DLD-1 tumors responded with decreased growth to treatment with L2mAb despite in vitro results demonstrating that L2 binding to DLD-1 cells was at background levels, providing further evidence that TEM8 is expressed in the host stroma and plays an important role in angiogenesis. 25 
Specific 89
Zr-df−L2mAb binding to TEM8 was found in every tumor type examined (NCI-H460, DLD-1, U87-MG, T-47D, MKN-45, and A-431) but varied ∼7-fold from the highest (U87-MG) to the lowest TEM8 expressors (MKN-45, DLD-1). These TEM8 expression levels highly correlated to vessel densities from CD31 staining indicating that the high density TEM8 regions would represent a greater degree of vasculature compared to low density TEM8 regions which would be composed of a greater degree of tumor cells. For the U87-MG tumors TEM8 expression levels varied ∼2-fold between the high and low density regions. These lower density regions most likely are a result of decreased tumor stroma in relation to tumor cells. Further, these findings of high TEM8 concentrations and vessel densities in U87-MG tumors are consistent with the known vascular nature of U87-MG. 10, 12 In contrast, the difference between the high (24 to 27 nM rel ) and low density regions of DLD-1 and MKN-45 tumors was much greater (∼4-fold) compared to U87-MG high and low density regions; most likely this greater difference between the high and low density regions reflects regional increased DLD and MKN-45 tumor cell density which would be consistent with the undetectable TEM8 levels determined by IP Western. These results support immunohistochemical and gene/protein expression analysis that TEM8 is upregulated on tumor vessels whether or not the tumor cells express TEM8. 17, 24, 25 This would further suggest that tumors with intact stroma are required to determine relevant TEM8 densities as a prerequisite for predicting the suitability of TEM8 as an imageable target. With this in mind we would expect the relative TEM8 molar concentrations (nM rel ) of the whole tumor sections which ranged from 72 to 10 nM rel to be the most reasonable approximation of in vivo TEM8 tumor concentrations. Using TEM8 nM rel and the 89 Zr-df−L2mAb affinity constant (K d = 2 nM) the potential in vivo target to nontarget ratios (T:NT) would be predicted to range from 36 to 5, which are derived from the mathematical model, B max /K d . 38, 41 In particular these predicted T:NT ratios for NCI-H460 and DLD-1 of 15.4 and 6.5, respectively, compared favorably with the NCI-H460 and DLD-1 T:M ratios from the biodistribution studies of 9.2 to 13.3 and 4.5 to 7.3 from 1 to 3 days, respectively. Overall, these results would indicate that TEM8 is widely expressed across many different tumor types and for the most part in concentrations sufficient for imaging but uptake may not be predicted from in vitro expression. The high association of TEM8 expression with tumor stroma and vasculature further suggests that TEM8 targeted imaging agents could serve as a biomarker of tumor angiogenesis and in the selection of appropriate patients for anti-TEM8 therapy.
Although 89 Zr-df−L2mAb demonstrated adequate in vivo stability and targeting, further development may be required before clinical translation. The physical half-life of 89 Zr (t 1/2 ∼ 3 d) is well matched to the biological half-life of L2mAb as optimal tumor to muscle ratios of 13:1 and 7:1 in NCI-H460 and DLD-1 tumors, respectively, were achieved at 3 days. Although the in vivo stability of 89 Zr-df−L2mAb was sufficient for PET imaging, the gradual uptake in bone suggests that some free 89 Zr is liberated from the conjugate due to metabolism. 40, 42 The bone uptake does not interfere with the diagnostic accuracy of the conjugate, however, it may limit assessment of angiogenesis in the bone marrow as occurs in multiple myeloma and leukemia. 43−45 This overall increased clearance and metabolism of 89 Zr-df− L2mAb although not typical for mAb targeting cell surface targets might be expected for mAb targeting vascular targets. Therapeutic mAbs have been found to have complex pharmacokinetics which are influenced by their target as well as their ability to elicit immune responses. For example cetuximab (human/murine chimeric IgG1) and panitumumab (human IgG2) have human plasma t 1/2 's of 3 and 7.5 days, respectively; although both target the same cell surface receptor (EGFR), only cetuximab has been reported capable of eliciting ADCC. 46 Therefore, L2mAb might be better compared to the anti-endoglin mAb, TRC105 (chimeric IgG1), which targets an endothelial receptor, CD105 (endoglin), that is overly expressed in proliferating tumor vasculature and induces ADCC. 47 The pharmacokinetics of TRC105 were dependent on dose. For instance, at the clinical trial dose (15 mg/kg) the serum t 1/2 was 1.78 days whereas at lower doses (3 and 10 mg/kg) the t 1/2 's were 0.31 day (7.4 h) and 0.45 day (10.8 h), respectively. This rate of clearance of TRC105 compares favorably to the blood t 1/2 of 1.5 days (exponential fit, R 2 = 0.93) found with 89 Zr-df−L2mAb. Further these complex pharmacokinetics may offer an explanation as to why in vivo specific 89 Zr-df−L2mAb binding cannot be proven with blocking studies using excess L2mAb. The enormous surface area of the vasculature is capable of acting as a "sink" for the TRC105 mAb which at lower concentration is subject to greater target antibody-mediated antibody clearance, whereas, at higher mAb concentrations, this targeted clearance is less efficient, therefore at smaller doses of mAb the serum clearance and t 1/2 would be faster. 46 These pharmacokinetics seem to be applicable to our 89 Zr-df−L2mAb biodistribution results in that an additional 500 μg of L2mAb coinjected with the 89 Zr-df−L2mAb dose (1 to 2 μg in mass) substantially increased (>40-fold) the 89 Zr-df−L2mAb blood radioactive content compared to the blood radioactivity content of the Zr-df−L2mAb is specifically targeting TEM8. Improvement in the overall targeting of TEM8 and more rapid imaging might be accomplished by labeling an antibody fragment of L2mAb. L2mAb was designed as a targeted therapeutic molecule exerting potent antitumor activity by blocking TEM8 with an intact Fc capable of promoting antibody-dependent cellular cytotoxicity (ADCC) and complement dependent cytotoxicity (CDC). 25 These are desirable features in a therapeutic agent but may not be optimal for an imaging agent. So while an intact mAb may prove more therapeutically efficacious, antibody fragments with their faster clearance from nontarget tissue may be more suitable as radiolabeled imaging agents. 48, 49 In a variety of human tumor-bearing mouse models L2mAb treatment had potent antitumor activity with no detectable toxicities. In contrast current antiangiogenic targeted therapies have shown limited efficacy and greater associated toxicities resulting from interference with normal physiological processes (e.g., wound healing). 25 This apparent preferential expression of TEM8 in tumor vasculature would suggest that TEM8 is a potential target not only for further therapeutic development but for molecular imaging as well. TEM8 targeted PET imaging could aid in identifying angiogenic tumors that might be amenable to anti-TEM8 therapy. Moreover, PET imaging may aid in the drug development process by establishing appropriate dosing required for optimal tumor uptake, identifying nontarget tissues that may be associated with L2mAb toxicities and the associated tissue and organ pharmacokinetics of L2mAb in individual patients. Thus, 89 Zr-df−L2mAb represents a step forward in the PET imaging of tumor angiogenesis.
